INTRODUCTION
============

Hip fracture is the leading cause of functional impairment, disability, and death in elderly people. Despite successful surgical treatments, the majority of patients with hip fracture do not recover their functions after surgery \[[@B1]\]. Although many factors, such as age, mental status, pre-fracture functioning, comorbidity or nutritional status, are involved in continued disability after hip fracture, the decrease of quadriceps strength is reported to be a significant cause, as well as a correctable one \[[@B2][@B3][@B4]\]. Aniansson et al. \[[@B5]\] performed a muscle biopsy at the vastus lateralis (VL) in patients with hip fracture and reported a considerable decrease of fast-twitch fiber size, which is important for the generation of maximal power, measured through cross-sectional area. Also, Lamb et al. \[[@B6]\] suggested that the extensor power of the fractured leg is the most important factor for deciding mobility in patients with proximal femur fracture.

Neuromuscular electrical stimulation is a treatment modality widely used in practice because it can improve the strength of the injured muscle by stimulating the motor and sensory pathways \[[@B7][@B8][@B9]\]. However, electrical stimulation is difficult to apply when severe pain and unhealed wounds are present in the early stage after surgery because it requires pads on the skin and induces pain during stimulation. Braid et al. \[[@B10]\] reported that there was no significant improvement of muscle strength and level of disability after electrical stimulation on quadriceps due to local discomfort and pain in the early stage after surgical treatment in elderly patients with hip fracture.

As a non-invasive peripheral simulation method, repetitive peripheral magnetic stimulation (rPMS) is a novel and innovative therapeutic option that can provide a stimulus to the muscles, nerves or spinal roots. The rPMS applied to the muscle areas innervated by the terminal branches can improve motor functions by not only creating muscle contraction but also increasing the activity of motor cortex through massive proprioceptive inputs to the central nervous system \[[@B11][@B12][@B13][@B14][@B15][@B16]\]. Also, rPMS can penetrate high-resistance tissues such as skin, fat and cranial bone. It causes less pain than electrical stimulation because it can pass through the cutaneous nociceptive receptor in the skin and stimulate the deeper neuromuscular system \[[@B13][@B17][@B18]\]. As its advantages, rPMS can produce higher muscle toque than electrical stimulation, is easy to apply to children as it doesn\'t require pads and causes less pain, and can give an individual stimulus to different muscles \[[@B13][@B19][@B20]\]. Although the application of rPMS to a variety of situations has drawn popularity in the field of clinical neurology, no study has been conducted to strengthen the knee extensor muscle and improve the mobility in rehabilitation for patients with a proximal femur fracture.

In this study, we investigate whether rPMS can increase the strength of the VL which are the most important for the recovery of mobility function in patients who underwent hip replacement surgery and also improve standing balance and gait function of such patients.

MATERIALS AND METHODS
=====================

Subjects
--------

The participants of this study were patients who underwent primary hip replacement from an orthopedist due to unilateral proximal femur fracture between June 2016 and March 2017. The pattern of femur fracture (femoral neck/intertrochanteric) and the type of surgical fixation (total hip arthroplasty/hemiarthroplasty) were confirmed by operation records and radiological films. Patients were excluded if they satisfied any of the following criteria: (1) those who were found to be unable to walk independently (with or without monocane) before fracture through history taking, (2) those who have unstable medical conditions except a chronic disease under control, (3) those who have psychiatric problems, (4) those who cannot follow the instruction of the interviewer due to severe cognitive dysfunction, (5) those who have additional orthopaedic pathology that can cause abnormality in motor function, and (6) those who have disorders in the central nervous and peripheral nervous systems. The protocol was approved by the Institutional Review Board of Sun General Hospital (No. DSH-인-16-04).

A prospective, randomized, double-blind study was used. The 24 patients were selected for this study, with 12 patients randomly assigned to the rPMS group and the sham group, respectively ([Fig. 1](#F1){ref-type="fig"}). Age, gender, body mass index (BMI), and the history of past and present chronic diseases were checked through medical notes and structural interviews. All participants gave written informed consent. All patients were treated with conventional physical therapy starting with isometric exercise, and then proceeding to gait training until discharge.

Repetitive peripheral magnetic stimulation
------------------------------------------

For the rPMS group, the optimal location was decided, where muscle contraction was the most prominent when a figure-eight stimulation coil (Magstim Rapid^2^; Magstim Company Ltd., Carmarthenshire, UK) was tangentially placed on the skin between the upper one-third and the lower two-thirds of the VL while patients were lying on their back in the bed \[[@B21]\]. The intensity of stimulation was individually set at the level where the visible movement of the knee is triggered. Each session consisted of 200 trains with a stimulation frequency of 10 Hz at a train duration of 1.5 seconds and inter-train interval of 6 seconds. Thus a total of 3,000 stimuli over 25 minutes were delivered per a single session ([Fig. 2](#F2){ref-type="fig"}). For the control group, the angle of the coil was perpendicular, not tangential, to the muscle belly for sham stimulation. In order to produce as small energy as possible, the intensity was set at 5% of maximal power, allowing the participants to hear the sound of the rPMS machine \[[@B22]\]. Both groups were applied with stimulation 5 times per week for 3 weeks from the 4th to 6th days after surgery.

Evaluation methods
------------------

In order to measure the muscle strength of the VL, the surface electromyographic (EMG) technique proposed by Alkner et al. \[[@B23]\] was used. The participants sat in a high chair with a string tied to their leg 10 cm above the ankle joint and with their hip joint positioned at the angle of 75° and the knee joint at 90°. To obtain the EMG of the VL using the disposable bipolar Ag-Ag/CL surface electrode, a line was drawn between the head of greater trochanter, and the lateral femoral epicondyle and a recording electrode was placed on the midpoint and 20 mm distal site, respectively. A reference electrode was attached to the proximal tibial bone. Before the initial assessment, patients repeated submaximal isometric knee extension 10 times as a warm-up. Then, the EMG signal at the maximal voluntary contraction was obtained by making patients maintain their muscle contraction for 3 seconds when voluntary quadriceps contraction reached its maximum level after increasing it gradually. After being filtered with low and high cut-off frequencies at 20 and 500 Hz, respectively, the root mean square (RMS) values of the raw EMG signal were averaged over the open 1,000 ms time window showing highest values, and then two trials were performed, and their average value was used as the final value. In addition, the ratio of maximal isometric peak force of the VL between fractured and the non-fractured legs was calculated by measuring the RMS value of the VL with the same method in the contralateral leg.

The tandem stand test proposed by Guralnik et al. \[[@B24]\] was used to assess standing balance. Patients were asked to locate the heel of the fractured side directly in front of the toes of the opposite foot. A demonstration was provided by the interviewer before the test. While the participants were placing their feet, they were asked if they were ready for the test, with one of their arms supported by the interviewer, and then time measurement was started after their supporting arm was released. When the participants moved their feet or held the interviewer for support, or when 10 seconds had elapsed, time measurement was stopped.

To evaluate gait function, the usual gait speed test proposed by Guralnik et al. \[[@B25]\] was used. Gait speed was measured for the two distances of 10 ft (3.05 m) and 50 ft (15.25 m), which are the minimum and maximum distances needed to walk around a house \[[@B26]\]. By drawing thick red lines at the starting point, 10 ft and 50 ft on the floor of the physical therapy room, the ability and time required to complete the distances were recorded. An assistant walked along with patients by keeping a length of one arm from the patients to respond to patients\' unexpected loss of balance. Time measurement was started when patients crossed the starting point and stopped when the patients reached or crossed the finishing line. Patients were allowed to use walking aids with which they were the most confident. For example, when patients were in transition, such as from a walking frame to a cane, a walking aid that can help patients walk the fastest was selected for the test.

Visual analog scale (VAS) was measured to assess the degree of pain on the hip. With the VAS of 0 being no pain and 10 being an unbearable pain, patients were asked to score their pain level.

All outcome assessments were evaluated before stimulation and after 3 weeks of stimulation.

Statistical analysis
--------------------

The SPSS version 19.0 for Windows (IBM, Armonk, NY, USA) was employed for statistical analysis. Mann-Whitney U-test, chi-square test, and Fisher exact test were used to compare the demographic characteristics of the two groups. Outcome measures were compared with the Wilcoxon signed rank test within each the rPMS and control groups, and Mann-Whitney U-test was used for comparing the two groups. Statistical significance was assumed at p\<0.05 and a confidence interval (CI) of 95%.

RESULTS
=======

Since 1 participant was discharged early from the rPMS group and 1 participant was excluded from the sham group due to hip dislocation, a total 22 subjects were finally included for statistical analysis. No specific difference was found in the baseline characteristics consisting of age, sex, BMI, medical conditions, fracture pattern, surgical type and days post-operation to baseline between the two groups ([Table 1](#T1){ref-type="table"}).

Comparison of VL strength
-------------------------

The VL strength was evaluated with the RMS values measured at the VL during maximal isometric knee extension. The RMS values before stimulation were 48.82±11.17 µV in the rPMS group and 51.18±11.40 µV in the sham group, with no significant difference between the two groups (p=0.65). The RMS values measured after 3 weeks of stimulation were 106.27±23.44 µV in the rPMS group and 80.73±21.34 µV in the sham group, with both groups showing a significant improvement after stimulation (p\<0.05). However, for the degree of improvement between the two groups, the rPMS group had a significant improvement compared to the sham group (p\<0.05) ([Fig. 3](#F3){ref-type="fig"}).

Comparison of the ratio of VL strength
--------------------------------------

The ratio of VL strength was assessed by comparing the ratio of the RMS value of the VL on the fractured side to that of the VL on the unfractured side. The ratios before stimulation were 34.50%±6.76% in the rPMS group and 36.80%±74.82% in the sham group, with no significant difference between the two groups (p=0.40). The ratios measured after 3 weeks of stimulation were 70.51%±5.87% in the rPMS group and 54.75%±8.69% in the sham group, with both groups showing a significant improvement after stimulation (p\<0.05). When evaluating the degree of enhancement between the two groups, the rPMS group showed a significant improvement compared to the sham group (p\<0.05) ([Fig. 4](#F4){ref-type="fig"}).

Comparison of standing balance
------------------------------

The standing balance was evaluated with the tandem stand test. The values from the tandem stand test before stimulation were 1.32±1.63 s in the rPMS group and 1.24±1.84 s in the sham group, with no significant difference between the two groups (p=0.90). The values from the tandem stand test measured after 3 weeks of stimulation were 8.21±1.81 s in the rPMS group and 5.96±2.51 s in the sham group, with both groups showing a significant improvement after stimulation (p\<0.05). However, for the degree of improvement between the two groups, the rPMS group had a significant improvement compared to the sham group (p\<0.05) ([Fig. 5](#F5){ref-type="fig"}).

Comparison of gait function
---------------------------

The gait function was assessed by usual gait speed. The values of usual gait speed before stimulation were 0.11±0.04 m/s at 10 ft, 0.13±0.03 m/s at 50 ft in the rPMS group and 0.12±0.04 m/s at 10 ft, 0.14±0.05 m/s at 50 ft in the sham group, with no significant differences between the two groups (p=0.52, p=0.90). The values of usual gait speed measured after 3 weeks of stimulation were 0.41±0.12 m/s at 10 ft, 0.41±0.15 m/s at 50 ft in the rPMS group and 0.32±0.05 m/s at 10ft, 0.31±0.08 m/s at 50 ft in the sham group, with both groups showing a significant improvement after stimulation (p\<0.05). However, for the degree of improvement between the two groups, the rPMS group had a significant improvement compared to the sham group (p\<0.05) ([Fig. 6](#F6){ref-type="fig"}).

Comparison of pain
------------------

The pain was evaluated by a VAS. The values of VAS before stimulation were 4.09±0.94 in the rPMS group and 4.18±1.33 in the sham group, with no significant difference between the two groups (p=0.85). The values of the VAS measured after 3 weeks of stimulation were 1.91±0.70 in the rPMS group and 2.18±1.08 in the sham group, with both groups showing a significant improvement after stimulation (p\<0.05), but with no significant difference between the two groups (p=0.75).

DISCUSSION
==========

In this study, we found a significant improvement in VL strength after 3 weeks of rPMS when evaluated with surface EMG technique. Surface EMG technique is a method to capture the electrical muscle signal that occurs during muscle contraction and to quantify the degree of electrical activity using RMS, and its value is higher when muscle strength is higher \[[@B27]\]. In particular, the VL was chosen as the subject for stimulation, as it is known to have a linear relationship with the actual force among three superficial quadriceps muscles \[[@B23]\].

One of the major mechanisms by which rPMS strengthens the muscle is the neuromodulation effect of rPMS. Magnetic stimulation applied to the muscle belly can contract the muscle by stimulating the axon of the intramuscular motor neuron \[[@B12]\]. Repeated magnetic stimulation on the muscle can indirectly activate type Ia, Ib and II afferent nerve fibers by creating rhythmic contraction and relaxation like vibration \[[@B13]\]. In addition, rPMS can produce sensory input by directly stimulating the proprioceptive afferent nerve fiber even without muscle contraction \[[@B14]\]. As such, the large proprioceptive data produced by rPMS, directly and indirectly, are entered into the opposite somatosensory area through the spinal circuit, and this signal, in turn, is transferred through the corticocortical or thalamocortical tract, increasing the excitability of the motor cortex related to the stimulated site. As the basis for this, Struppler et al. \[[@B15]\] reported that rPMS increase regional cerebral blood flow to the contralateral fronto-parietal area through a positron emission tomography. Gallasch et al. \[[@B16]\] also reported that the activities of the contralateral sensorimotor cortex and the corticospinal tract increase after rPMS, using functional magnetic resonance imaging and motor evoked potentials. It is therefore thought that rPMS increase motor cortical excitability by facilitating the reorganization of the central nervous system through the activation of the afferent sensory pathway and eventually improving the strength and performance of the stimulated muscle. In this study, it is considered that 3 weeks of rPMS strengthened the muscle strength of the VL through the mechanism mentioned above. Our result is consistent with that of Bustamante et al. \[[@B21]\] who reported that the voluntary quadriceps strength and exercise capacity of patients with chronic obstructive pulmonary disease improved after applying rPMS to the quadriceps although there are differences in the type of coil and the frequency, intensity and duration of stimulation.

Tandem standing time for the experiment group with 3 weeks of rPMS significantly increased compared to that of the control group. Guralnik et al. \[[@B24]\] proposed the use of the tandem stand test to measure the standing balance of elderly people and suggested that smaller difference in muscle strength between the two legs, as well as a higher strength of both legs, are important in maintaining a longer period of a tandem stand position. Lamb et al. \[[@B26]\] reported that the increase of the leg extensor power ratio between fractured and unfractured legs improved standing balance after electrical stimulation on the quadriceps after hip fracture, although there is no difference in the leg strength between two groups. In this study, it is thought that the significant increase of tandem standing time in rPMS group is attributable to both the rise of VL strength itself and the improvement of the ratio of VL strength between both legs.

The usual gait speed of rPMS group was significantly faster than that of the control group. The gait speed is one of the objective assessments frequently used to evaluate the functional limitation of elderly people and is especially known to be useful as a predictor for future functional independence \[[@B25]\]. Ferrucci et al. \[[@B28]\] reported that the usual gait speed is faster when the strength of both legs is higher and that in particular, knee extensor strength has a linear relationship with gait speed. In addition, Buchner et al. \[[@B29]\] suggested that the increase of gait speed through the improvement of muscle strength is more significant in frail elderly people with lower strength in both legs than in healthy elderly people. Therefore, the reason for the increased usual gait speed of the experimental group was due to the fact that knee extensor strength significantly increased after rPMS in the frail state after surgery.

However, no significant difference was found in VAS, which was measured to assess the degree of hip pain, between the two groups. Although a few studies reported that rPMS might reduce the musculoskeletal pain, such the effect occurred when rPMS was applied to the tender point or the proximal part of the nerve to the painful areas \[[@B22][@B30]\]. But the reason why there is no difference in our study could be because rPMS was applied not to the tender point but to the motor point.

There are some limitations of this study. First, the number of subjects was small. Second, the experimental period was short. Three weeks is considered too short to induce hypertrophy, and so we did not evaluate the effect of rPMS on muscle mass size through radiologic tools. The supplementary investigations are needed to have larger subjects and longer period. Finally, we could not define the optimal rPMS protocol due to variations in stimulation frequency, intensity, and duration.

In this study, rPMS on the VL for 3 weeks in the early stage after hip surgery significantly improved muscle strength, standing balance and gait function. Therefore, we recommend that rPMS could be applied for patients in the first stage after hip replacement surgery, who cannot tolerate a sufficient intensity of electrical stimulation to induce muscle contraction or attach electrical pads due to the unhealed wound.
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![Flow chart of the study. rPMS, repetitive peripheral magnetic stimulation.](arm-42-67-g001){#F1}

![The magnetic coil was located over the motor point of the vastus lateralis on the fractured side.](arm-42-67-g002){#F2}

![The root mean square (RMS) value of the vastus lateralis in the fractured leg before and after stimulations. rPMS, repetitive peripheral magnetic stimulation. ^a)^p\<0.05 by Wilcoxon signed-rank test compared with that before the intervention. ^b)^p\<0.05 by Mann Whitney U-test compared with the sham group.](arm-42-67-g003){#F3}

![The ratio of root mean square (RMS) values of the vastus lateralis between fractured and unfractured legs. rPMS, repetitive peripheral magnetic stimulation. ^a)^p\<0.05 by Wilcoxon signed-rank test compared with that before the intervention. ^b)^p\<0.05 by Mann-Whitney U-test compared with the sham group.](arm-42-67-g004){#F4}

![Mean change of tandem stand test. rPMS, repetitive peripheral magnetic stimulation. ^a)^p\<0.05 by Wilcoxon signed-rank test compared with that before the intervention. ^b)^p\<0.05 by Mann-Whitney U-test compared with the sham group.](arm-42-67-g005){#F5}

![Mean change of usual gait speed measured over the 10 ft (A) and the 50 ft (B). rPMS, repetitive peripheral magnetic stimulation. ^a)^p\<0.05 by Wilcoxon signed-rank test compared with that before the intervention. ^b)^p\<0.05 by Mann-Whitney U-test compared with the sham group.](arm-42-67-g006){#F6}

###### Demographic characteristics of patients both rPMS and sham groups

![](arm-42-67-i001)

Values are presented as mean±standard deviation or number(%).

rPMS, repetitive peripheral magnetic stimulation; BMI, body mass index; THA, total hip arthroplasty.
